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Abstract 
The paper presents a novel soft-switching topology based on phase-shifted control for ozone supply, where the two 
switching devices and the one lossless capacitor based on full bridge inverter are added to achieve ZVS/ZCS. Six 
switching modes are analyzed in detail during half period. With TMS320F28335 as a controller, the output voltage 
loop based on PI algorithm is designed to steady the AC high voltage, and phase-shifted control changes the output 
power, and frequency tracking of load current remained series quasi-resonant state. 
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1. Introduction
Ozone has been widely used as a non-toxic oxidant which has very strong oxidative ability and
bactericidal performance [1]. In Industry, the method of dielectric barrier discharge (DBD) is adopted to 
generate ozone. As the key technology, the high-frequency and high-voltage ozone supply using series 
resonant technology replace gradually traditional power supply, because of its small size, high efficiency 
and so on. However, with the increase of switching frequency, switching losses and noises will raise 
greatly. So a soft-switching technology is required to achieve ZVS / ZCS of switching. 
In this paper, ozone supply is developed according to a novel soft-switching topology [2] [3], using 
TMS320F28335 as a controller, and IPM as switching devices. The working modes are analyzed during 
half period. The output voltage loop based on PI algorithm is designed. Power regulation is realized by 
changing phase-shift angle, and the digital phase-locked loop technique is to make sure the loads working 
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in the series quasi-resonant state. In addition, the control system has some functions such as over-voltage 
protect, over-current protect, and water shortage protect and so on.  
2. Circuit topology and switching modes analysis  
Circuit topology of power supply is shown in Fig.1. VB is the single phase rectifier module, and the 
inductance L0 and capacitor C0 compose the LC filter. The switching devices-IGBTs Q1 ~ Q4 constitute 
the full-bridge inverter. Cd, Cg and Uz is the equivalent circuit of ozone tubes. The inductor Ls is the 
leakage inductance of high frequency transformer (HFT) and is used to realize the series quasi-resonant. 
The switching devices Q5_Q6 in series with DC busline and the lossless snubbing capacitor C in 
parallel with DC busline are used to realize the soft switching function. With Q5 and Q6 turning on 
alternately, capacitor C will charge and discharge constantly, achieve ZVS / ZCS of all switching devices. 
 
Fig. 1 The main circuit topology                                                         Fig.2 Switches driving signal timing sequences diagram 
Fig.2 depicts the gate driving pulses of IGBT. Obviously, the driving pulses of Q1~Q4 are the same as 
the full-bridge inverter. The dead time td between the upper and lower switches of the same bridge arm of 
inverter is to protect against short circuit. Q5 and Q6 work in the positive and negative half period of the 
full-bridge inverter respectively. The dead time between Q1 and Q3 is BCd ttt −= , the delay time between 
Q2 and Q6 is ABs ttt −= , and the delay time between Q5 and Q6 is ACm ttt −= . 
To improve ozone production and concentration, the circuit must work in a quasi-resonant state. The 
circuit topology has six modes. The waveforms of each mode are shown in Fig.3 respectively. )( iQU and 
)( iQi represent the voltage and current of iQ respectively. )( 1gi  and )( 2gi  represent the charge and 
discharge current of the ozone tubes, and Uc represents the voltage of the capacitor C. 
 (1) Mode 0:t0-t1 Before t0 moment, diodes D1 and D4 are conducting, which causes the voltage across 
Q1 and Q4 to be clamped to zero. Then Uc across C is equal to E, so that the voltage across Q5 turns into 
zero. At time t = t0, switches Q1, Q4 and Q5 can be turned on simultaneously with ZVS; the load circuit is 
supplied by E, equivalent capacitors Cd and Cg of ozone tubes keep charging at this time. 
 
Fig.3 Modes analysis of the main circuit 
(2) Mode 1:t1-t2 At time t = t1, the air-gap voltage across Cg will be charged up to the starting discharge 
voltage, ozone tubes start to discharge and generate ozone. 
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692  Si Chao et al. / Procedia Engineering 23 (2011) 690 – 694 Si Chao, Meng Zhiqiang, Chen Yandong / Procedia Engineering 00 (2011) 000–000 3
(3) Mode 2:t2-t3 At time t = t2, switch Q5 is turned off, Q1 and Q4 remains on. Because the voltage on 
capacitor C is equal to E, switch Q5 is turned off with ZVS, then voltage source E no longer supplies to 
the load circuit, and the capacitor C does instead. At this time, ozone tubes remain discharging stability, 
so Uc can be approximately estimated as 
CttiEtuc /)()( 2−=                                                                        (1) 
At t = t3 moment, the capacitor C finishes discharge and the voltage Uc decreases to zero. The durative 
time 32tΔ of mode 2 is also the discharge time of capacitor C, which is given by 
)(/ 232 tiCEt =Δ                                                                           (2) 
(4) Mode 3:t3-t4 At time t = t3, the capacitor C finishes discharge, the energy stored in Ls flows through 
two loops: Ls-D2-Q1-Ls and Ls-Q4-D3-Ls, so that the voltage Uc across C is clamped to 0. 
(5) Mode 4:t4-t5 Switches Q1 and Q4 can be turned off at any time during this mode, the time is 
assumed as t4. At this time, diodes D2 and D3 is freewheeling, the voltage across switches Q1 and Q4 is 
equal to Uc. Because the voltage on a capacitor cannot mutate, Uc = 0, switches Q1 and Q4 are turned off 
with ZVS successfully. The residual energy in inductance Ls will charge for the capacitor C by D2 and D3.  
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22 tiLtiLCE ss −=                                                               (3) 
The charge time 54tΔ  of capacitor C can be approximately estimated as 
)(/ 454 tiCEt =Δ                                                                         (4) 
At t5, capacitor C is not being charged any longer, then Uc across C is clamped to E, the current though 
high frequency transformer primary winding can only flow into E, and the next mode begins. 
(6) Mode 5:t5-t6 At t = t5 moment, Uc is clamped to E. iL flows through a loop: Ls-D2-E-D5(D6)-D3-Ls, 
achieving feedback of energy of the inductor Ls. At t6 moment, Q2, Q3 and Q6 turn on with ZVS. As long 
as the current iL does not reverse, there is no current flowing through Q2, Q3 and Q6, and then the whole 
circuit continues to work under mode 5. When the current iL drops to 0, switches Q2, Q3 and Q6 will be 
turned on with ZVS / ZCS, the circuit enters into the negative half-period operation. 
Obviously, the dead time ts between Q1 and Q4, and the delay time tm between Q5 and Q6 are very 
important. So, the timing sequence conditions to achieve soft-switching can be given by: 
54ttd Δ≥                                                                                   (5) 
5432 tttm Δ+Δ≥                                                                             (6) 
3.  Control strategy and realization 
As a non-linear capacitive load, the parameters changed constantly along with gas flow through ozone 
cell, temperature of discharge chamber and so on. The ozone concentration is closely related to the output 
voltage of the high frequency inverter. So the phase-shifted PWM technique [4] is used to achieve a 
continuous regulation of ozone and a closed loop voltage controller improves stability. 
The working frequency of ozone generator changes with the load dynamic characteristics. To get the 
reliable soft-switching conditions, digital phase-locked loop (DPLL) [5] is needed. DPLL effectively 
guarantees the same frequency and phase between the output voltage and the load current. 
3.1.  Phase-shifted PWM regulation 
The phase-shifted PWM regulation is adopted to change the output power, depicted in Fig.4. Switches 
Q1, Q3 are the leading leg, and Q2, Q4 is the lagging leg together with Q5 and Q6. The phase-shifted PWM 
pulses can be achieved by changing the phase-shift angle α. In order to ensure that the phase is consistent 
between the output voltage of ozone tubes and the load current, the current iL of inverter is detected by the 
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HALL current sensor LTS15-NP, and drive signals of the lagging leg are sent out at zero-crossing point 
of iL after being converted into rectangular wave. 
3.2. Closed loop voltage control  
The control strategy of closed loop voltage control and current limit is to stabilize the output voltage. 
The voltage closed loop uses the digital incremental PI algorithm [6]. Incremental PI controller outputs 
the increments of control variables every time, with little influence while malfunction happens, and it is 
easy to obtain better control effect. Incremental PI algorithm is as follows: 
[ ] KIKKPK ekeeku +−=Δ −1                                                                （8） 
Where, Pk  is proportional coefficient and Ik is integral coefficient, IPI TTkk /= . 
From the incremental PI expression, the parameter Ku  is given by: 
KKK uuu Δ+= −1                                                                          （9） 
KK uk Δ×=Δ αα                                                                       （10） 
KKK ααα Δ+= −1                                                                      （11） 
According to eq. (8)-(11), the relation between phase-shift angle Kα and the variable KuΔ  is obtained, 
the value of Kα is limited to the range from 0o to 150o. 
Through theoretical calculations and several practical operations, some conclusions can be draw that 
this prototype performs best when the operating frequency is at 10kHz, and then its power is about 
1500W. Under the condition of normal operation, the output current effective value of the inverter is 
about 5A, and the high voltage effective value is about 4200V. Software limit conditions are that the 
output current of the inverter is 6A and the high voltage effective value is 5000V. Once parameters 
overrun, the prototype immediately stops generating PWM signals and starts self-checking. 
                   
Fig.4 The waveform of phase-shifted control                                           Fig.5 The block diagram of the control system 
3.3. Control System Design 
The control system of ozone generator is designed and shown in Fig.5, which mainly includes DSP 
controller TMS320F28335, fault detection, protection circuitry, analog detection circuit, drive circuit and 
touch screen, etc. The driving signals of DSP control the turn-on and turn-off of IGBTs. Some parameters 
such as E, Id, uL, iL, f , are detected in real-time to realize closed-loop control,  which are displayed on 
touch screen.  
4. Experimental result analysis 
Fig.6 illustrates the output voltage operating waveforms of inverter at different phase-shift angles, the 
amplitude is about 300V. System power can be easily adjusted by changing phase-shift angle. Under 
normal operating conditions, voltage closed-loop can be achieved by fine-tuning phase-shift angle, so that 
the ozone cell can keep discharging with constant voltage. As a result, discharge efficiency of ozone 
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generator is higher and the system operates more stable. The voltage and current waveforms across ozone 
cell are shown in Fig.7, the voltage uL is measured by a resistor divider with an attenuation ratio 1/8, 
actual effective value of which is calculated 4243V. The current iL is got from a current transformer, the 
actual effective value of which is calculated 0.72A, and the current value will be 5.04A while being 
converted to the HFT primary winding, which meet control requirements of the ozone generator. Fig.8 
depicts the experimental waveforms of DPLL frequency track. Fig.9 shows the equipment of ozone 
generator designed according to the principle mentioned above in the paper. 
                         
                                           (a) phase-shift angle is 60 °                             (b) phase-shift angle is 120 ° 
Fig.6 the voltage waveforms in different phase-shift angles 
                                           
Fig.7 voltage and current of inverter               Fig.8 DPLL frequency track                           Fig.9 Equipment of ozone generator 
5. Conclusions 
In this paper, a novel soft-switching topology used in ozone generator with DC-busline switches and 
one lossless capacitor is researched. Ozone supply with the output ozone product160g/h is designed by 
the output voltage loop based on PI algorithm to steady the AC high voltage, as well as the phase-shifted 
control to achieve continuously adjustable ozone production. Besides, the digital phase-locked loop 
technique is used to make sure the loads working in the series quasi-resonant state. The experiment results 
show that this ozone supply is stable and reliable in the long-term operation, and which has important 
practical value to further increase frequency, power density and ozone production. 
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